The microenvironment of cancer cells has been implicated in cancer development and progression. Cancer-associated fibroblast constitutes a major stromal component of the microenvironment. To analyze interaction between cancer cells and fibroblasts, we have developed a new bilateral coculture system using a two-sided microporous collagen membrane. Human normal skin fibroblasts were cocultured with three different human breast cancer cell lines: MCF-7, SK-BR-3, and HCC1937. After coculture, mRNA was extracted separately from cancer cells and fibroblasts and applied to transcriptomic analysis with microarray. Top 500 commonly up-or downregulated genes were characterized by enrichment functional analysis using MetaCore Functional Analysis. Most of the genes upregulated in cancer cells were downregulated in fibroblasts while most of the genes downregulated in cancer cells were upregulated in fibroblasts, indicating that changing patterns of mRNA expression were reciprocal between cancer cells and fibroblasts. In coculture, breast cancer cells commonly increased genes related to mitotic response and TCA pathway while fibroblasts increased genes related to carbohydrate metabolism including glycolysis, glycogenesis, and glucose transport, indicating that fibroblasts support cancer cell proliferation by supplying energy sources. We propose that the bilateral coculture system using collagen membrane is useful to study interactions between cancer cells and stromal cells by mimicking in vivo tumor microenvironment.
Introduction
The microenvironment of cancer cells has been suggested to play critical roles in cancer development, progression, and therapeutic response. Cancer cells are supported by surrounding stromal cells such as fibroblasts, macrophages, myoblasts, and endothelial cells [1] . Fibroblasts that surround and interact with cancer cells have been called cancerassociated fibroblasts (CAFs) which can exert unique roles to support cancer cell growth [1] . These supporting effects via cell-cell cross talk may be different according to cancer cell types and characteristics, which remains to be elucidated.
To analyze cell-cell cross talk in vitro, several types of in vitro coculture systems such as a direct physical contact, an interaction coculture, and a transwell system have been developed [2] [3] [4] [5] [6] . In a direct contact, two types of cells are grown together in physical contact whereas, in an interaction coculture, two cell types are grown separated by a membrane and contact via soluble factors [7] . In a transwell system, one type of cells is grown on microporous membranes inserted in culture vessels where the other cell type is grown on the bottom and they communicate via soluble factors.
These methods are useful to analyze cell-cell cross talk between tumor and nontumor cells in a single culture system. However, the organization of tumor and nontumor cells is different from in vivo conditions where tumor cells and stromal cells communicate through extracellular matrix such as collagen, neither through conditioned media nor by direct contact. Recently, a micropatterned coculture system has been introduced [8] . Epithelial cells are cultured on circular spots of extracellular matrix and subsequently stromal cells are seeded in the space between spots [8] . This system allows for an organized culture condition where epithelial cells on extracellular matrix are surrounded by stromal cells, which is similar to an in vivo condition. However, epithelial cells communicate with stromal cells through direct contact or soluble factors but not through extracellular matrix.
Here we have developed a novel bilateral coculture system in vitro to resemble in vivo conditions of cancer and stromal cells with extracellular matrix. By using three different subtypes of breast cancer cell lines and normal fibroblasts, we examined the interaction between cancer cells and fibroblasts and analyzed changes in gene expressions of both cancer cells and fibroblast to study a cross talk between cancer cells and stromal cells.
Materials and Methods

Cell Culture System.
A suspending two-sided microporous collagen membrane with polystyrene reinforced outer frame (AteloCell, Koken Co. Ltd., Tokyo) was positioned in the culture medium in 50 mm diameter culture vessel. Normal human dermal fibroblasts (NHDF (NB) cells, Kurabo Industries Ltd., Osaka) were cocultured with one of the three different human breast cancer cell lines (luminal MCF-7, HER2-positive SK-BR-3, and triple-negative HCC1937) in this system. Normal human dermal fibroblasts were cultured on the lower side of collagen membrane (6 cm dish, 10% fetal bovine serum (FBS)/Dulbecco's modified essential medium (DMEM) for 1 day) and then breast cancer cells were inoculated and cultured on the upper side to form bilateral coculture (in 6 cm dish, 10% FBS/DMEM, 37 ∘ C for 3 days). For cross talk conditions, cancer cells (upper side) and fibroblasts (lower side) were cocultured in this system. For control conditions, the same cells were cultured on both sides of the bilateral membrane such as fibroblasts (upper side) and fibroblasts (lower side) or cancer cells (upper side) and cancer cell (lower side). Both sides of cells are able to interact through the collagen membrane and conditioned medium via secreted mediators.
Microscopic Observation.
To confirm the condition of bilateral coculture with microscopic observation, collagen membrane after coculture for 3 days was collected and washed with phosphate buffered saline (PBS) (pH 7.4) twice and fixed with formalin/PBS and stained with haematoxylin and eosin. For electron microscopy, an ultrathin section from duplicated membrane specimen was produced by an ultramicrotome (DiATOME Ultra45 ∘ ) and stained with uranyl acetate followed by aqueous lead citrate.
Transcriptomic Analysis.
To analyze cell-cell interaction between two cell populations, each population must be separately collected after cellular cross talk. The primary aim of our coculture system is to harvest independently each side of cell population after coculture to study the cross talk between normal cell and cancer cell. After coculture for 3 days, cells were collected from the collagen membrane and applied to transcriptomic profile analysis of cultured cells. mRNA was extracted from cells with QIAzol Lysis Reagent (QIAGEN, Hilden). Harvested mRNA was applied to transcriptomic analysis with the highly sensitive microarray (3D-gene DNA tip, Toray Industries, Inc., Tokyo) [9] according to the manufacture's instruction for one-color analysis.
Bioinformatics Analysis.
From the resulting list of expression genes, top 500 upregulated and downregulated genes were selected. These top 500 genes were applied to bioinformatics analysis to annotate gene function. Top 500 genes from upregulated and downregulated gene lists were applied to the web-based bioinformatics tool of MetaCore Functional Analysis (Thomson Reuter/GeneGo) on ontology, molecular pathway, and enrichment functional analyses to estimate canonical biological responses. The gene ontology (GO) analysis provides gene function and network of expressed gene through the cell-cell cross talk with breast cancer cells and fibroblasts.
Results
We have developed a bilateral coculture system to evaluate cell-cell cross talk by using collagen matrix membrane as shown in the experimental procedure in Figure 1 . Twosided collagen membrane was suspended by polystyrene reinforced outer frame in the culture medium. Breast cancer cells and fibroblasts were separately cultured on each side of the collagen membrane which played a role of extracellular matrix. The collagen membrane is composed of microporous matrix structure with the thickness of 20 micrometers and pores of less than 1-micrometer diameter to prevent cell migration into the membrane. The cancer cells and fibroblasts interact via soluble mediators through membrane and outer culture medium.
We examined the morphological change of cocultured cells in this system by electron microscope. As shown in Figure 2 , the cellular morphology and intracellular structures of cells in coculture were compared with those in the control condition. The control condition was the culture with the same cells on both sides, such as combinations of fibroblasts with fibroblasts or cancer cells with cancer cells. In the coculture of fibroblasts and cancer cells, HCC1937 cells showed a little round shape similar to that observed at mitotic phase, whereas fibroblasts showed a slim and waste shape with intracellular vacuole-like structures.
After 3 days of coculture, cells were independently collected from each side of the membrane and mRNA was extracted and applied to transcriptomic analysis. Figure 3 mRNA expression seemed to be reciprocal between HCC1937 cells and fibroblasts, suggesting that HCC1937 cells and counterpart fibroblasts exert distinct functions by interacting with each other. Among top 100 upregulated genes in HCC1937 cells, 77% of genes were downregulated in fibroblasts. C13orf34  ABHD10  NSMAF  SREBF2  SLC20A1  EBNA1BP2  FKRP  TMEM158  NCAPH  TFPI2  PHLDA1  APBA3  ATP6V1C1  DDX47  MCC  ODC1  VEGFC  ZNF202  NT5E  GTF2B  SLC10A3  ALDH7A1  CDC45L  FUBP1  GS1-484O17.2  CCT8  STAMBPL1  MEST  KIAA0101  POLR3B  SUB1  KIAA1524  COL16A1  FGF2  SNAPC3  KIAA0020  NAT12  EXO1  UBAP2L  C22orf28  AURKA  UHRF1  HIATL1  ANPEP  ADK  SPC25  ATP5S  TXNRD1  CDCA5  CLSPN  FAM49B  ORMDL1  AGPAT5  TMED5  SET  RFC3  NOLC1  CTNNAL1  HCAP-G  EPHA2  ARNTL2  IL7R  EIF3M  C16orf53  AL353732.14  DBF4  MT2A  IGF2R  FAM83D  IL7R  HADHA  CBX1  MASTL  RPL26L1  IL13RA2  COMMD10  SMCR7  DNAJC19  BRD2  ARL2BP  HMGA1  HOXA7  EIF5A2  CIRH1A  ITCH  MCM3  HMGA2  PPIF  FJX1  ITGBL1  DNAJA5  PSMC3IP  CXorf39  KIF2C  STXBP3  PITRM1 MATN2  MXI1  TNFSF10  ANGPTL4  LY6D  CHI3L2  KRT15  STC1  SELENBP1  NUPR1  ANKRD37  FBXO32  PLXND1  SERPINA5  NDRG1  TTLL3  C1R  HLA-DMA  DAPK2  GPNMB  KIAA1370  GOLGA8B  GOLGA8A  CA9  GABRE  CA12  PYCARD  BBC3  ID2  FN1  YPEL5  AP000769.3  STEAP3  MFAP2  IGFBP3  C4orf3  CRYAB  PHGDH  KLHDC8B  DENND4A  RALGDS  GLRX  MBTD1  DEGS1  TMEM159  KIAA1305  C22orf36  CAPS  BTG2  MVP  TMEM45A  EGR1  ALDOC  FAM102A  C14orf147  RARRES3  CD82  DNAJB12  SYTL2  ID3  CAST  GSN  TSC22D3  TNFAIP6  KIFC2  ECHDC2  GSDMB  BDH2  COL7A1  GUSBL2  DDR1  CARS  S100P  ALDOC  C5orf41  NRBP2  PPP1R3G  PFKFB3  PTPRN2  TMEM123  OR2F1  LIMCH1  C5orf13  IFITM1  TXNIP  ARRDC3  ADFP  CFB  CCNG2  SAT1  ECHDC2  REC8  RTN2  MID1  SRD5A2L  CSAD  ITGAV  CD36 cells and counterpart fibroblasts in the coculture condition. Among top 100 downregulated genes of HCC1937 cells, 82% of the genes were upregulated in fibroblasts. Gene ontology analysis revealed that HCC1937 cells showed an increase in mitosis-associated genes and carbohydrate metabolic process ( Table 1 ), suggesting that HCC1937 cells received proliferation stimulus through coculture with fibroblasts, which is consistent with the morphological changes observed in Figure 2 . SKBR3 and MCF7 cells cocultured with fibroblasts also upregulated genes associated with cellular activity as shown in Table 1 .
According to gene ontology analysis, HCC1937 cells showed a decrease in acute inflammatory response genes and phospholipid metabolic process (Table 2 ). SKBR3 and MCF7 cells cocultured with fibroblasts also downregulated genes associated with cellular transport as shown in Table 2 .
Similar enrichment analyses were performed for fibroblasts cocultured with cancer cells (Tables 3 and 4 ). The analyses showed that genes associated with cell death regulation, stress, hypoxia, and carbohydrate metabolism were upregulated in fibroblasts. These results seemed to indicate that cocultured fibroblasts provided beneficial effects for cancer cells for survival and proliferation. In fibroblasts, genes associated with cell mitosis and cell membrane components synthetic pathways were downregulated (Table 4) .
To understand general events in cancer cell-fibroblast cross talk, commonly changed genes were extracted among three types of breast cancer cells cocultured with fibroblasts. Similarly, commonly changed genes in fibroblasts cocultured with three different types of breast cancer cell lines were extracted. To mine the common genes either upregulated or downregulated in cocultured cells, top 500 genes were annotated. Tables 5(a) and 5(b) show gene ontology biological process and metabolic network with the specific gene names. As shown in Table 5 (a), the prominent upregulation was observed in genes associated with cell cycle and cell division. Breast cancer cells also showed an increase in genes associated with carbohydrate metabolism, TCA, and amino acid metabolism, while functional process, phosphatides acid pathway, and glucuronic acid pathway were downregulated in three cancer cell lines (Table 5 (b)).
The top 30 genes of altered expression in each of the three different cancer cell lines were listed in Table 5 (c). No commonly upregulated genes among three cancer cell lines were observed. However, a transcriptional coactivator complex subunit, mediator complex subunit 13 (MED13), a regulator SKBR3  HCC1937  MCF7  SKBR3  HCC1937  IFIT1  PTGS1  BUB1  STK19  DUSP1  SCGB1A1  AP1B1  CTSZ  CDCA8  HMOX1  FOS  TF  OAT  CYP1B1  C13orf34  MEIS3  EGR1  C20orf114  ECT2  ALDH3B2  ABHD10  NMT1  SYCE1  LYNX1  EFNA1  SFRS16  NSMAF  CRK  NUPR1  CLCA2  TMEM189-UBE2V1  BPNT1  KIF2C  DIABLO  NR4A2  CASP14  AMH  SLC39A7  SREBF2  WDR34  ENDOD1  CP  NFE2L2  ATF1  SLC20A1  D2HGDH  NR4A1  EGLN3  PDPK1  A4GNT  EBNA1BP2  ATP1B1  OR14K1  C7orf29  HSPA8  BLZF1  NCAPH  TIMM50  ATF4  MATN2  ZNF117  TUBA3C  TFPI2  TMEM183A  IFI6  SERPINA3  GM2A  EXO1  PHLDA1  GDI1  BAK1  TNFSF10  NUF2  ST3GAL4  ATP6V1C1  TMEM168  ASNS  TMC4  ANP32A  CSNK2A1  DDX47  COX7B  SCNM1  ANGPTL4  ACYP1  CARHSP1  ODC1  AIFM2  TPM4  LY6D  RCN2  C13orf37  VEGFC  NUP188  MXD1  S100A8  STX3  TRAF4  GTF2B  DUSP22  ACTA1  CHI3L2  TSSC1  C4orf43  SLC10A3  MAK16  CTGF  KRT15  HEBP1  DCTPP1  ALDH7A1  TROAP  MED13  PSCA  FAM132A  CCAR1  CDC45L  C19orf46  ZNF783  SELENBP1  TMED10  BAX  FUBP1  MED13  CXorf23  NUPR1  KTN1  DSCC1  GS1-484O17.2  CLDN4  ADM  ANKRD37  ACTR6  YWHAG  CCT8  SLC25A1  SREBF2  CLDN8  AURKA  TEX261  MEST  ARF1  ID1  FBXO32  NGRN  S100A9  NCAPG  PHF2  ZG16  PLXND1  ILK  FAM10A5  MKI67  FFAR3  RGS16  SERPINA5  STAT1  FKBP10  KIAA0101  SCAF1  CLIC4  FOS  PWP1  ACO2  SUB1  C2orf76  MED12  NDRG1  PABPC3  TMSB4X  KIAA1524  MYOM2  JUN  CRIP2  SLBP  VWA5B1  FGF2  KCTD17  RNF126  WFDC2 of cell proliferation, differentiation, and transformation, FBJ murine osteosarcoma viral oncogene homolog (FOS), and nuclear protein, transcriptional regulator, 1 (NUPR1) were commonly downregulated in top 30 genes. The enrichment analysis also revealed that commonly upregulated genes in fibroblasts were associated with singleorganism cellular process, carbohydrate transport, and amino acid transport as shown in Table 6 (a). Furthermore, commonly downregulated genes in fibroblasts were genes associated with immune response regulation, cholesterol biosynthesis, and lipid metabolism (Table 6(b) ).
Discussion
In the present study, we have developed a new bilateral coculture system to evaluate cell-cell cross talk by using collagen matrix membrane. The membrane is made of microporous collagen sheet with thickness of 20 micrometers and pore of less than 1-micrometer diameter. Cells do not penetrate into the membrane but interact with each other via secreted soluble factors such as metabolites, cytokines, and exosomes. One of the technical advantages of this system is the coculture of different cells on each side of the collagen membrane, which resembles in vivo conditions as extracellular matrix between cancer cells and stromal cells. In addition, this system enables retaining cellular polarity and, thus, stromal cells interact with "basal" sides of cancer cells through collagen, which is also in line with in vivo conditions. Even if cancer cells, especially poorly differentiated cancer cells, lose polarity, cancer cells communicate with stromal cells mostly via extracellular matrix, which can be mimicked by this system.
Our system consists of not only the culture system but also the following procedures and data analyses. Our total system is as follows: different cells were cultured on each side of the bilateral membrane and separately harvested followed by mRNA extraction, transcriptome, and bioinformatics analyses. To optimize these procedures, we chose the bilateral microporous collagen membrane but not polystyrene and polysulfone based membranes.
We found that, in fibroblasts cocultured with breast cancer cells, genes associated with carbohydrate metabolism including glycolysis, glycogenesis, and glucose transport were upregulated while, in cancer cells, genes associated with the tricarboxylic acid (TCA) cycle were upregulated. Our result is in agreement with the study by Fiaschi et al. showing that, through tumor-stromal interplay, cancer cells were reprogrammed toward aerobic metabolism while CAFs were reprogrammed toward a Warburg phenotype [10] . They suggested that cancer cells develop a dependence on lactate produced by CAFs for their growth, which is assumed to be an adaptation strategy to a low glucose environment [10] . Thus, it is conceivable that targeting not only cancer cells but also stromal cells is necessary for successful anticancer treatment, especially treatment regulating metabolic processes.
Altered expression of genes in hypoxic response and cancer invasion were observed in the present analysis. Hypoxia inducible factor 1, alpha subunit (HIF1A) was downregulated in common in cancer cells (Table 5 (b)), while stromelysin-1 (matrix metallopeptidase 3), vascular endothelial growth factor A (VEGF-A), and neuropilin-1 were upregulated in common in fibroblasts (Table 6 (a)). These responses suggested that CAFs play a supportive role of cancer cell invasion via tissue remodeling and neovascularization. In fibroblasts, genes associated with cell death regulation, stress, hypoxia, and carbohydrate metabolism were upregulated. On the other hand, genes associated with cell mitosis and cell membrane components synthetic pathways were downregulated in fibroblasts. These results suggest that CAFs play roles to support cancer cells in multiple ways for survival and proliferation.
There are several reports studying coculture with cancer cells and fibroblasts. In the study by Camp et al. where a direct coculture and a transwell system were applied, luminal type cancer cells behaved differently from basal-like cancer cells when cocultured with fibroblasts [7] . Luminal type cancer cells upregulated proliferation-related processes while basallike cancer cells increased cellular migration in the coculture. Similarly, Rozenchan et al. showed, by using a transwell system, a basal-like cell line MDA-MB231 increased motilityassociated genes [11] . In our system, genes associated with cell cycle or mitosis were commonly upregulated in breast cancer cell lines, which is in concordance with the previous reports. Interestingly, basal-like cell line HCC1937 increased genes associated with cellular division rather than migration in our system. Since rapid proliferation of cancer cells is a key feature of basal-like breast cancers, our system reflected an important aspect in "in vivo" conditions of basal-like breast cancer cells. We believe that the coculture system to better mimic in vivo conditions is of great value for analysis of interaction between cancer cells and stromal cells.
One possible application of our coculture system will be a drug screening. High-throughput drug screening is a key process for discovery and efficient development of new compounds for anticancer therapy [12, 13] . Screening with monoculture system has a limitation in that tumor-stromal interaction cannot be assessed although stromal components in tumor tissues play pivotal roles in response to anticancer agents. The bilateral coculture system in the present study would provide a useful system for such a purpose for drug development.
In conclusion, we developed a bilateral coculture system and showed that, in the coculture, breast cancer cells increased mitotic response and TCA pathway while fibroblasts increased carbohydrate metabolism including glycolysis, glycogenesis, and glucose transport, which is consistent with the notion that CAFs support cancer cell proliferation by providing energy sources. We propose that the bilateral coculture system using collagen membrane is useful to study interactions between cancer and stromal cells and would help effective drug screening by mimicking in vivo tumor microenvironment. 
